In order to determine the course of an ordinary chemical reaction it is only necessary to mix the reagents and then to withdraw samples for analysis at appropriate intervals. But in the study of fight reactions the case is far different, because the dimensions and transparency of the radiated material exercise a preponderant influence on the rate of reaction at any given intensity of illumination.
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Since a great part of the difficulty encountered in studying the course of complement photoinactivation is due to the peculiar requirements imposed by these facts, which are often inadequately considered in connection with physiological problems, we shall begin with a discussion of these requirements, and of the means adopted to meet them.
I.
In the first place, since the intensity of the light reaching each part of the solution determines the rate of reaction at that point it is essential that the average intensity of the light reaching each part of the reaction mixture should remain constant during that part of the course studied. This is a condition which can be met only by special arrangements: either by having a cylindrical reaction chamber parallel to a relatively long "fine source" of light, and withdrawing samples at intervals; or by exposing successive samples for a series of different periods under otherwise identical conditions. The latter alternative was adopted in these experiments.
In any case all parts of the radiated material must be exposed to essentially the same light intensity; otherwise the true order of the reaction cannot appear. In the case of serum, which is quite opaque to ultra-violet light, the part of the solution furthest from the light is shaded by the intervening serum. The opacity or absorption index of serum is so great that the back surface of a layer of complement diluted as much as practicable and only 0.2 ram. deep would still receive only 0.9 as much light (of the wave-lengths affecting complement) as the front surface. When the radiated material is a solution it can be vigorously stirred so that each portion is exposed to high and low light intensity alternately. In the case of a serum solution stirring is the simplest method of exposing all the solution to the same average light intensity.
Even with the two precautions indicated above, it is possible to determine the kinetics of a photochemical process only under certain restricted conditions which are not under the control of the experimenter, but inherent in the solution investigated. The existence of these conditions must be established by appropriate experiments before conclusions can be drawn as to the nature of the photochemical process itself. There are two points to be established: the absence of conditions causing progressive changes in the amount of effective light; and the negligibility of diffusion as a limiting factor in controlling the rate of reaction.
II.
If a reaction appears to be monomolecular, as complement photoinactivation does, it is always possible that this is the case simply because the reaction occurs with great velocity at some particular • region, such as for example the walls of the containing vessel. The reaction will then appear to be monomolecular solely because the velocity of the reaction is limited by the amount of the substance arriving in the reaction field by diffusion, and, as the reaction proceeds, the rate of this diffusion decreases exponentially in accordance with Fick's Law?
But diffusion is a process which is accelerated to a characteristic degree by an increase of temperature, and its presence as a limiting factor can be detected by conducting the reaction at different temperatures and noting how much its velocity is affected. The temperature coefficient, Qio, for diffusion is 1.22 to 1.28, for "dark" chemical reactions usually 2.0 to 3.0 or above, and for light reactions 1.0 to 1.1. Some light reactions, notably those in which light does no work but acts merely as a catalyst, are exceptional in that they have higher coefficients.
Experiments were carried out early in the course of these studies to determine the temperature coefficient of the process of photoinactivation. A sample of complement was diluted to 2 per cent and divided into portions of 20 cc. each. These were exposed for different lengths of time at each of several different temperatures (0, 10, 20, 30, or 40°C.) . The exposure was made in the manner previously described ~ except that the complement was maintained at the temperatures above 0 ° by partial immersion of the container in a water bath which was kept within 1 ° of the desired temperature. The calculation of reaction velocities is based on the assumption that the reaction is monomolecular. It will be apparent from data given further on in this paper that this is the most nearly accurate simple assumption which is possible (Table I ).8 Brooks, S. C., J. Med. Research, 1918, xxxviii, 345. 8 The samples exposed at 30 and 40 ° are injured by heat as well as by light. The efficiencies given in Table I have been corrected as follows: the average rate of heat inactivation was calculated from the injury suffered by duplicate samples kept in the same water bath with each radiated sample for the corresponding length of time. Both photoinactivation (Section V of this paper), and thermoinactivation (Madsen, T., and Watabiki, T., Overs. hang. danske Videnskab. Selskabs Forhandl., 1915, 125) follow the course of a monomolecular reaction and their observed velocities can be expressed as the velocity constant, k, of the mono-I a molecular reaction isotherm, k =t log a-x By subtracting from ko, the observed velocity when light and heat are both acting, the value kH, observed when only heat is acting, we arrive at a value, kr., which we may consider to be the component of the velocity due to the light alone, k~ was found to be 0.010 at 40 and 0.005 at 30°C. These values were subtracted from the ko for each exposure, and from these values of kL there were obtained (by the use of the reaction isotherm) corrected values of the efficiencies to be expected ff light alone were to
In Fig. 1 the results of this experiment are graphically presented with the efficiencies of the different portions of complement plotted as ordinates against their respective periods of exposure as abscissae. The smoothed curves drawn between the points for any one temperature allow us by interpolation to determine the exposure necessary at that temperature to reduce the efficiency of complement by any given amount. The rate of photoinactivation may be taken as inversely proportional to the time required to reduce the hemolytic power of complement to any selected per cent of efficiency. Calculation from such interpolated values of the average rate of inactivation ciency. to 60, 40, and 20 per cent efficiency shows that if the velocity at 0°C. is taken as 1.00 the velocities at 10, 20, 30, and 40°C. are 1.02, 1.09, 1.25, and 1.47, respectively. Hence the temperature coefficients /or the four intervals studied are Qlo = 1.02, 1.07, 1.14, and 1.18. These values are probably accurate to the second significant figure only, so that although there appears to be a progressive increase in act upon the complement. These values are given in Table I . The heat effect is negligible at temperatures of 20°C. or below, so that ko = kL and no correction need be introduced at these temperatures. These experiments were done previous to the perfection of the method for complement titration used for the remainder of the work described in this paper, and, as might be expected, there are occasionally large inaccuracies. These are obviously to be neglected in certain instances such as the 7 minute exposure at 0°C. their value as higher temperatures are approached it would be premature to assume that such an increase would always be found. The mean value of Qx0 is 1.10 and may be considered to be typical of the reaction. It is exactly that found in a preliminary experiment in which the rates of photoinactivation at 2 and~ at 38°C. were determined. This value of the temperature coefficient for the process of photoinactivation is of particular significance because it is such as to allow us to neglect diffusion as a factor of any importance in determining the course of the reaction. For if diffusion were a limiting factor in the reaction the temperature coefficient of photoinactivation should be that of diffusion; i.e., Q10 = 1.28. Instead of this it is 1.1 which is about the value which is to be expected in a photochemical reaction.
III.
But the progress of the light reaction is in turn affected by the amount of light absorbed, and by the photochemical efficiency of the absorbed light. We may assume that the latter remains constant; that is, that the same amount of light energy is needed at any stage of the process to make a single molecule react. It is conceivable that this might not be the case; but the very fact that the essential reaction involved in the photoinacfivafion of complement seems to follow the laws of a simple chemical reaction shows that such a possibility is remote.
It was to be feared, however, that the transparency of a sample bf serum would change during the course of photoinacfivafion. This would have made it difficult or impossible to interpret the experiments. If the transparency does remain constant it may do so for any of several reasons. On the one hand the photolabile substance alone may absorb the light (photoproducts not absorbing) and be present in sufficient concentration and depth to absorb all the light. In this case the true order of the reaction is greater than tile apparent order by the number of photosensitive molecules participating. Thus a bimolecular reaction appears monomolecular. It is obvious that as such a reaction progresses and the photosensitive substance disappears, the solution will ultimately transmit some light and the order of the reaction can then no longer be calculated. On the other hand the transparency may remain constant because a negligible portion of the absorption is due to the photosensitive substance or because the products of the light reaction have the same absorption coefficient as the reacting substances. In either of these cases the intensity of the light impinging upon the photosensitive molecules is constant, the amount of light absorbed may be assumed to vary as the concentration of absorbing molecules, i.e. Beer's Law, 4 and, if the solution is well stirred, the apparent order will be the same as the true order.
It can be shown that a layer of complement of the depth and concentration used in determining the course of photoinacfivation absorbs practically all the effective light, and that the amount absorbed remains constant during the reaction; i.e., that the photosensitive * Beer, A., Ann. Phys. Chem., 1852, lxxxvi, 78. substance is constantly exposed to the same fight intensity. Therefore if samples of complement are exposed to the fight successively for varying periods, and well stirred during the exposure, the apparent order of the reaction will be the true order.
The transparency of complement was studied in the following way. A 5 per cent solution of fresh guinea pig serum in a physiologically balanced solution 5 was made up immediately after the serum was taken from the clot. Except during exposure to light the complement was kept at 0-1°C. The method of titrating the complement has been described in detail in a separate paper. 5 It consists essentially in allowing the complement to act on a suspension of specifically sensitized sheep erythrocytes suspended in the balanced solution previously mentioned, and noting the amount of each sample of complement required to produce a given amount of hemolysis in a given length of time. The relative efficiency of the various portions of complement was assumed to vary inversely as these amounts and was stated in per cent of the efficiency of an unradiated portion of the same complement.
It seemed desirable to determine approximately the absorption coefficient of solutions of complement of the concentration used; for from such observations it would be possible to determine what proportion of the incident effective light was absorbed in the apparatus used, and also, by analogy with the known absorption of serum, to determine the general region of the spectrum which was causing the photoinactivation.
To obtain such an approximate value for the absorption coefficient a 5 per cent solution of complement was placed in the inner of two concentric quartz test-tubes, and the balanced salt solution in the annular space between the two tubes; the space was 1.6 ram. wide. This set of tubes was then placed in a vertical position 9.5 cm. from a quartz mercury-vapor arc lamp and rotated on its long axis during an exposure of 3 minutes, which was exactly limited by the interposition of an opaque screen before and after radiation. Another portion of 5 per cent complement was then radiated in exactly the same manner except that the space between the two tubes (which Brooks, S. C., J. Med. Research, 1920, xli, 399.
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were always the same ones) was occupied b y 5 per cent complement. T h e ratio of the velocities of photoinacfivation in the inner tube in the two cases is the same as the ratio of the intensities of the light incident on the inner tube in the two cases, or in other words, since the salt solution absorbs a negligible a m o u n t of light, as the ratio of incident to emergent light when the complement is in a layer 1.6 Table I I . I n calculating the velocities of reaction, as in the case of Table I , the reaction is supposed to follow a monomolecular course. T h e rather great divergence between the four observed values is probably explained b y variations in the a m o u n t of pigment in the different samples of serum.
The average of the four values of the absorption coefficient is 110.2 and may properly be considered to be of the true order of magnitude. This is about the absorption to be expected if light of a wave-length of about 2530 Angstr6m units were acting, while light of shorter wave-lengths is much more strongly absorbed. 6 The mercury arc emits little light of wave-lengths intermediate between that of a line at about 2530 ~.ngstr6m units and that of about 2930 Angstrtim units, and light of wave-length greater than about 2900 .~ngstrt~m units has little or no effect on complement. 7 We may conclude that the principal effect of light on complement is due to ultra-violet light having a wave-length of about 2530/~ng-str0m units; and that complement in layers of the depth used in the experiments on the course of photoinactivation absorbs a large part of the available light. For example, the most transparent sample, having an absorption coefficient of 54.1, would absorb nearly 95 per cent, the most opaque sample more than 99 per cent, of the incident light of the effective wave-length.
IV.
It was necessary, as has been pointed out in the preceding section, to determine whether or not there were changes in the transparency of complement during the progress of photoinactivation. To settle this point successive portions of complement were exposed for exactly equal lengths of time in the inner of the two concentric quartz tubes arranged as described above. In the space between the two tubes was placed a portion of the same solution of complement; this portion was left throughout the series of exposures. The total time of radiation of this sample varied in different experiments between 18 and 25½ minutes, and was long enough to reduce the efficiency of the complement to less than that attained in any of the experiments on the course of photoinactivation. Control experiments were conducted which were similar except that the outer space was filled with distilled water or with complement which had been completely inactivated s Henri, V., Henri, Mme. V., and Wurmser, R., Compt. rend. Soc. biol., 1912 , lxxiii, 319. Boyle, W. T., J. Med. Research, 1918 by long exposure to the Hght before the first sample was placed in the inner tube. If there were changes in transparency during photoinactivation successive samples should vary in their efficiency, and this variation should be greater than that displayed by successive samples in the control experiments. Examination of Table III will show that such is not the case and that therefore the transparency of the complement solutions remains constant during photoinacfivation. In no case does the probable error of a single reading exceed that to be expected as a result of errors inherent in the method of titration, and although the mean calculated probable error is slightly less in the controls the difference cannot be considered significant. We may sum up all these preliminary experiments with the statement that the apparent order of the reaction is the true order, because the effective light (probably that having a wave-length of 2536 .~ngstr~m units) is absorbed by complement in the same degree during all stages of photoinactivation. With the arrangement used in the experiments about to be described, more than 95 per cent of the incident light of the effective frequency is absorbed by the serum solution.
The time curves of complement photoinactivation which are given in the following section are therefore susceptible to analysis in terms of chemical kinetics; if the process follows the course of any simple chemical reaction it may be interpreted in terms of the number of kinds of molecules participating in the reaction.
V.
The course of complement photoinactivation was determined by radiating a number of portions of the same lot of complement for different periods of time, and plotting their efficiencies as ordinates against their respective periods of exposure as abscissae. The curve connecting these points is assumed to represent the progressive change in efficiency which would occur in a single sample of complement. It was important that there should be no doubt about the fact that the amount of light action was characteristic of the particular serum used, and not simply an amount which might vary according to accidental differences between different exposures. To establish the fact that a given exposure would always cause the same amount of injury to a given complement solution three portions of complemerit were exposed for 10 minutes each, and then titrated. Their efficiencies were found to be 56.8, 54.4, and 54.7 per cent respectively; the mean efficiency was 55.3 per cent and the probable error of a single determination was 0.87 per cent which is 1.6 per cent of the mean value. This may be attributed entirely to errors in titration. Further examples of constant amounts of injury caused by short equal exposures may be found in Table III above.  Table IV and Fig. 2 present the course followed by the process of photoinactivation of eight different sera. They include all the dependable data obtained, a large number of the earlier experiments having to be discarded because of the difficulty of so arranging the titration as to include for each partially inactivated sample just those dilutions needed to yield a complete "titration curve." While it is probable that other types of inactivation curves might be encountered in the study of a larger number of sera, yet those here presented will serve to demonstrate two facts; first, that the primary photoreaction is monomolecular, and second, that upon this primary monomolecular reaction there are superimposed accessory processes which serve to increase or decrease the hemolytic power of the serum.
Examination of the horizontal columns in Table IV headed k will show that the values in any one column are essentially constant. This is what is to be expected in case the course of the process is that of a monomolecular reaction, the equation of whose 1 a reaction curve or isotherm is t log ----k, where a is the original concentration of the reacting substance, x its concentration after the time t, and k a constant. When the amount of injury is still very slight the errors of titration may cause relatively great variations of this value such as are to be found in Experiments 62 and 70 (Table IV) . In Fig. 2 the probable error of titration is less than the diameter of the circles surrounding each point. It is at once apparent that errors in titration will not account for the irregularity of some of the observed curves. But it is evident that such deviations from the course of a monomolecular reaction are not an essential part of the process of photoinactivation, because the average of all the curves is almost exactly the theoretical monomolecular reaction isotherm (Table IV) . Only during the first 2 minutes, when the influence of errors in titration is very great, does the observed value of 1 log a t a--x for the average curve deviate from its mean value, 0.0289, by more than a fraction of its probable error, 0.0013. Photoinactivation is therefore a process which goes on at a rate proportional to the concentration of a single disappearing molecular species, which we may consider to be the substance responsible for the hemolytic property of serum. The deviation of the observed courses of photoinactivation from monomolecular curves also demands explanation, but may best be considered in connection with evidence which will be presented in a subsequent paper.
SUMMARY.
The photoinactivafion of complement has been studied with a view to determining if possible how many kinds of molecules disappeared during the reaction. It was found that:
1. The apparent course of photoinactivation is that of a monomolecular reaction.
2. Diffusion is not the limiting factor responsible for this fact, because the temperature coefficient of diffusion is much higher than that of photoinactivation (Q10 = 1.22 to 1.28, and Q10 = 1.10 respectively).
3. There is no change in the transparency of serum solutions during photoinactivation, at least for light of the effective wave-length, which is in the ultra-violet region probably at about 2530/~ngstrSm units.
It is pointed out that under these conditions only one interpretation is possible; namely, that during photoinactivation a single disappearing molecular species governs the rate of reaction. This substance must be primarily responsible for the hemolytic power of serum when it is used as complement.
